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Cross-tolerance and antagonistic pleiotropy have been observed between different complex phenotypes in microbial systems.
These relationships between adaptive landscapes are important for the design of industrially relevant strains, which are gener-
ally subjected to multiple stressors. In our previous work, we evolved Escherichia coli for enhanced tolerance to the biofuel n-bu-
tanol and discovered a molecular mechanism of n-butanol tolerance that also conferred tolerance to the cationic antimicrobial
peptide polymyxin B in one specific lineage (green fluorescent protein [GFP] labeled) in the evolved population. In this work, we
aim to identify additional mechanisms of n-butanol tolerance in an independent lineage (yellow fluorescent protein [YFP] la-
beled) from the same evolved population and to further explore potential cross-tolerance and antagonistic pleiotropy between
n-butanol tolerance and other industrially relevant stressors. Analysis of the transcriptome data of the YFP-labeled mutants al-
lowed us to discover additional membrane-related and osmotic stress-related genes that confer n-butanol tolerance in E. coli.
Interestingly, the n-butanol resistance mechanisms conferred by the membrane-related genes appear to be specific to n-butanol
and are in many cases antagonistic with isobutanol and ethanol. Furthermore, the YFP-labeled mutants showed cross-tolerance
between n-butanol and osmotic stress, while the GFP-labeled mutants showed antagonistic pleiotropy between n-butanol and
osmotic stress tolerance.
Naturally produced by Clostridium species, n-butanol is an in-dustrial intermediate chemical, a solvent, and a potential bio-
fuel. Several nonnative microbial systems have been engineered
for its production, including Escherichia coli (1), Lactobacillus bre-
vis (2), Pseudomonas putida (3), Bacillus subtilis (3), and Saccha-
romyces cerevisiae (4). However, this solvent is highly toxic to mi-
croorganisms, imposing a limit on the productivity of bio-based
production and leading to the development of simultaneous fer-
mentation and separation techniques to mitigate the toxic effects
of the biofuel (5) and efforts to identify the genetic determinants
and molecular mechanisms associated with n-butanol tolerance
for reverse engineering of more robust strains (6–12). Prior strain
engineering efforts include overexpression of GroESL in Clostrid-
ium acetobutylicum (resulting in a 50% improvement in total
growth in 0.75% [vol/vol] n-butanol) (12) and recently in E. coli
(resulting in a 2.8-fold increase in total growth after 48 h in 0.75%
[vol/vol] n-butanol) (11) and overexpression of gene CAC1869 in
C. acetobutylicum (resulting in an 81% increase in total growth
after 12 h) (13). Since n-butanol tolerance is a complex phenotype
(6, 13) and the production environment involves multiple stres-
sors, additional knowledge on the genetic determinants and mo-
lecular mechanisms involved and their effects under different
stress conditions is essential for future strain engineering efforts.
We previously reported the use of an adaptive laboratory evo-
lution-based method called visualizing evolution in real time
(VERT) to study n-butanol tolerance in E. coli (7). Using a two-
color VERT system (with green fluorescent protein [GFP]-labeled
and yellow fluorescent protein [YFP]-labeled cells, allowing the
tracking of independent lineages), we isolated several n-butanol-
tolerant adaptive mutants throughout the evolution and used
whole-genome transcriptome profiling and resequencing analyses
to identify the underlying n-butanol tolerance mechanisms. A re-
duced activity of the ferric uptake regulator Fur, leading to in-
creased siderophore biosynthesis and transport, which ultimately
led to membrane modifications, was identified to be a likely mech-
anism of enhanced n-butanol tolerance. The deactivation of Fur
also led to cross-tolerance between n-butanol and the cationic
antimicrobial peptide polymyxin B. However, this tolerance
mechanism was observed only in mutants from the GFP-labeled
subpopulation and not in the YFP-labeled subpopulation, sug-
gesting a different route(s) of adaptation in the YFP-labeled adap-
tive mutants. In this study, we aim to identify the mechanisms of
n-butanol tolerance in the YFP-labeled mutants and any addi-
tional cross-resistance and/or antagonistic pleiotropy between n-
butanol and other stressors in the isolated adaptive mutants. De-
tailed analysis of the transcriptome profiles of the yellow-labeled
subpopulation under n-butanol stress was performed to deter-
mine additional genetic determinants involved in tolerance to the
solvent. Phenotypic analyses revealed divergent relative fitness
profiles in different stressors between the two different lineages.
Several genes related to membrane transporters and cardiolipin
biosynthesis, an important component of bacterial membranes,
were determined to be involved in resistance to n-butanol exclu-
sively among the solvents tested.
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MATERIALS AND METHODS
Bacterial strains, plasmids, andgrowth condition.TheE. coliK-12 strain
BW25113 [F (araD-araB)567 lacZ4787(::rrnB-3) lambda rph-1
(rhaD-rhaB)568 hsdR514] obtained from the Coli Genetic Stock Center
(CGSC) was used in this study. Plasmids isolated from clones in the
ASKA() collection (14) were used for the overexpression studies in
BW25113.
Growth condition and maintenance. E. coli strains were routinely
cultured aerobically in liquid Luria-Bertani (LB) medium at 220 rpm and
37°C and on agar-solidified LB at 37°C. When required, the medium was
supplemented with 30 g/ml of chloramphenicol. Frozen stocks were
prepared from cultures grown overnight and were stored in 17.5% glyc-
erol at 80°C. Cells from a single colony were used to inoculate liquid
cultures. Growth curves were carried out in M9 minimal medium supple-
mented with 5 g/liter of glucose, 0.01% (wt/vol) thiamine, and the appro-
priate antibiotic when required.
DNA isolation and transformation. Isolation of plasmid DNA from
E. coli was performed using the Zyppy plasmid miniprep kit (Zymo).
Electroporation was used for all E. coli transformations.
Prescreening of potential n-butanol tolerance-conferring genes.
Strains harboring the genes to be prescreened were cultured in M9 mini-
mal medium (5 g/liter glucose) and incubated overnight at 37°C to be
used as the inoculum. The next day, 100-l cultures were prepared in
96-well microtiter plates for growth kinetic analysis in the absence and
presence of 0.8% (vol/vol) n-butanol in M9 medium (at this concentra-
tion of n-butanol, the growth rate of the parental strain was inhibited by
more than 50%) at 37°C, using an Infinite M200 microplate reader
(TECAN). Four technical replicates were obtained per sample in the pre-
screen. The growth kinetic parameter s described below was calculated.
Statistical significance was assessed using Student’s t test analysis using a P
value cutoff of 0.05.
Calculation of growth kinetic parameters. Growth kinetic parame-
ters, including percentage of inhibition, relative fitness coefficient (s), and
relative increase in fitness (RIF), were calculated using equations 1, 2, and
3, respectively. These parameters were calculated using the measured
maximum specific growth rate (i) of each strain (i).
Inhibition (%) 1  clone @ stressful conditionclone in absence of stressor 100% (1)
s (%)  clone @ stressful conditionreference strain @ stressful condition 1 100% (2)
RIF (%) 1  inhibitionclone @ stressful conditionInhibitionreference strain @ stressful condition 100%
(3)
The ratio between the specific growth rates of the strain of interest
relative to the reference strain under each stress condition was determined
using the relative fitness coefficient s (equation 2). The appropriate refer-
ence strains were used for each calculation. For overexpression studies,
the reference strain is the wild-type strain harboring the empty vector. For
the phenotypic analysis of the isolated mutants, the ancestral strain ex-
pressing the corresponding fluorescent protein was used. RIF is a param-
eter calculated to normalize the relative fitness of the overexpression
strain in the presence of the stressor against any fitness defects/advantage
exhibited by the strain in the absence of the stressor. Positive values of RIF
represent a net increase in growth rates in the presence of the stressor.
Student’s t test analysis (P  0.05) was used to assess significance of the
aforementioned calculated kinetic parameters.
Detailed phenotypic analysis of selected n-butanol tolerance-con-
ferring genes. Clones that showed a statistically significant increase in
relative fitness in the presence of n-butanol from the prescreen were se-
lected for secondary validation in batch cultures. Each strain was cultured
in M9 minimal medium (5 g/liter glucose) and incubated overnight at
37°C to be used as the inoculum. The next day, a 5% (vol/vol) inoculum
was used to seed a 30-ml culture in 250-ml closed-cap flasks. At least three
biological replicates were used in each experiment. The stressors analyzed
in this study were 0.8% (vol/vol) n-butanol, 1% (vol/vol) isobutanol, 4%
(vol/vol) ethanol, 1.75 g/liter of acetate (as acetic acid), pH levels of 4.5
and 6.0 (titrated using HCl), and temperatures of 28°C and 42°C. Cultures
were incubated at 37°C (except in temperature challenge experiments)
with constant shaking at 220 rpm. Growth was monitored using spectro-
photometry (optical density at 600 nm [OD600]) until stationary phase
was reached.
Osmotic stress experiments. Cells were grown in M9 minimal me-
dium (5 g/liter glucose) overnight. To inoculate 5 ml culture in M9 min-
imal medium, 5% (vol/vol) culture was used and incubated at 37°C until
an OD600 of 0.6 was reached. Bacterial cultures were normalized to an
OD600 of 0.3, and cells from 1 ml of the normalized culture were recovered
by centrifugation. Quick aspiration of the supernatant was followed by
resuspension of the cell pellet in 1 ml of 40% (wt/vol) glucose and incu-
bated at 37°C for 2 h with constant shaking (220 rpm). After incubation,
cells were pelleted and resuspended in 1 ml of M9 minimal medium and
then diluted 1:100. A total of 100l of the diluted culture was plated on LB
agar plates and incubated overnight at 37°C for colony counting. At least
four biological replicas were used in this experiment. A nonstressed cul-
ture from the same population was used as the control to ensure consis-
tency in dilution. The “relative increase in survival rate” was calculated as
the ratio of the numbers of CFU, after the osmotic shock, between the
mutant and the parental strains.
RESULTS
Phenotypic analyses of the isolated mutants in multiple stres-
sors. In a previous study, we used VERT to isolate E. coli mutants
with enhanced n-butanol tolerance (7). Two differentially labeled
(with GFP or YFP), but otherwise isogenic, strains of E. coli were
used for the evolutionary experiment in the presence of increasing
concentrations of n-butanol, resulting in two different-colored
subpopulations (independent lineages). Several mutants were iso-
lated and characterized via phenotypic (relative fitness measure-
ments), genotypic (whole-genome resequencing), and transcrip-
tomic (gene expression microarrays) analyses. We reported
differential mechanisms of enhanced tolerance between the two
independent lineages. In the GFP-labeled mutants (MG2, MG5,
and MG6), cross-tolerance between the cationic antibiotic pep-
tide polymyxin B and n-butanol was identified. The resistance
level to polymyxin B in these mutants increased gradually, with
the mutants isolated later in the population exhibiting higher an-
tibiotic resistance than earlier GFP-labeled isolates (7). However,
this cross-resistance was not observed in the YFP-labeled mutants
(MY1, MY2, MY3, and MY4), none of which exhibited changes in
sensitivity to polymyxin B. These prior results led us to hypothe-
size that additional cross-tolerance and/or antagonistic pleiotropy
between n-butanol and other stressors may be present in our iso-
lated mutants.
To identify potential cross-tolerance and antagonistic pleiot-
ropy between n-butanol and other industrially relevant stressors
in the isolated mutants, we evaluated their relative fitness under
different conditions. The stressors used include organic solvents
(n-butanol, isobutanol, and ethanol), organic acid (acetate), acid
stress (pH of 4.5 and 6.0), and temperature stress (42°C and 28°C).
A detailed description of each condition is provided in Materials
and Methods. The results are summarized in Fig. 1 and Table 1.
The two different lineages (GFP- and YFP-labeled mutants)
exhibited notable differences in their responses to the applied
stressors, as shown in Fig. 1. MY2 showed a 15% increase in rela-
tive fitness (s) compared to that of the ancestral strain in the pres-
ence of n-butanol but an increase in s of 30% in the absence of
Reyes et al.
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n-butanol, indicating that the adaptive mechanisms were not spe-
cific forn-butanol tolerance, presumably via an increase in general
nutrient utilization. Thus, the specific effects of each challenge on
growth kinetics were normalized by calculating the RIF using
equation 3, to determine if the increase in specific growth rate was
the result of enhanced tolerance or due to a general increase in
growth rate (as a result of increased nutrient utilization, energy
levels in the cell, etc.). After normalization, the majority of the
mutants exhibited negative values in RIF under many conditions,
except in the presence of n-butanol, isobutanol, and acetate and at
low temperatures (see Table 1), indicating that the isolated mu-
tants do not have general tolerance to a wide range of stressors.
Even among organic solvents, mutant MY4 (YFP marked) was the
only mutant that showed an improvement in tolerance to all three
organic solvents tested (n-butanol s 38% 3%, isobutanol s
34% 2%, and ethanol s 41% 6%). Interestingly, the GFP-
labeled mutants did not exhibit an increase in relative fitness in the
presence of ethanol, while the YFP-labeled mutants showed pos-
itive values of s under ethanol stress (Table 1).
The results presented in Table 1 demonstrated a potential an-
tagonist pleiotropy between the molecular mechanisms involved
in acid and n-butanol tolerance in the isolated mutants. In all the
FIG 1 Cross-tolerance and antagonistic pleiotropy in the n-butanol-evolved mutants. (A) MY2; (B) MG5; (C) MY4; (D) MG6. Solid bars indicate statistically
significant values, compared with the wild-type strain (Student’s t test with a P value cutoff of 0.05).
TABLE 1 Growth kinetic parameters calculated for the isolated mutants under different stress conditionsa
Stressor
S (%) RIF (%)
MY2 MG5 MY4 MG6 MY2 MG5 MY4 MG6
n-Butanol 15 2 85 13 38 3 68 10 48 10 216 44 84 15 261 51
Isobutanol 22 2 30 2 34 2 38 3 26 5 13 2 64 11 99 15
Ethanol 22 3 6 1 41 6 6 1 25 6 122 23 96 20 68 13
Acetate 37 4 29 3 18 2 29 2 26 5 8 1 12 2 52 8
pH 6.0 15 1 10 1 9 1 12 1 48 9 62 9 54 9 34 5
pH 4.5 30 1 19 1 19 1 20 1 0 0 30 4 8 1 5 1
T 28°C 35 5 33 4 19 3 34 5 19 4 24 4 9 2 80 15
T 37°C 30 5 27 4 21 3 19 3 0 0 0 0 0 0 0 0
T 42°C 27 8 26 5 22 5 23 4 10 4 5 1 10 3 22 5
a The specific growth rates at T 37°C were used as references for RIF calculations. Statistically significant values are bolded. In the case of s, the bolded values indicate fitness
coefficients significantly different from those of the wild-type strain (Student’s t test with a P value cutoff of 0.05). For RIF, the bold values indicate measurements significantly
different from 0.
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mutants studied, RIF values calculated at pH 4.5 and 6.0 were
either negative or nonsignificant (Table 1), suggesting a diver-
gence in the tolerance levels under these two conditions. This an-
tagonistic behavior between the two stresses has been documented
previously in E. coli (6) and L. brevis (15).
Identifying genetic determinants underlying n-butanol tol-
erance in the YFP-labeledmutants. The phenotypic results dem-
onstrated different molecular mechanisms of n-butanol tolerance
between the two lineages from the evolution experiment. To de-
termine the molecular mechanisms behind the differences in phe-
notypic profiles observed between the GFP-labeled and YFP-la-
beled mutants, we analyzed the transcriptome profiles in the
YFP-labeled mutants to identify potential genetic determinants
underlying n-butanol tolerance for further analysis. We focused
our analysis on the top10% of the upregulated genes related to
membrane processes, stress response, or global regulation from
each of the YFP-labeled mutants (MY2, MY3, and MY4). A total of
46 genes were selected for further characterization by overexpress-
ing each in the BW25113 parental strain.
Initially, a prescreen of the candidate genes was carried out in a
high-throughput manner via growth kinetic analysis in the pres-
ence of 0.8% (vol/vol) n-butanol using a microplate reader. The
genes that, when overexpressed, showed potential enhanced tol-
erance to n-butanol were further verified using batch cultures in
close-capped flasks. The two kinetic parameters, s and RIF, were
calculated to assess the improvement in n-butanol tolerance in the
overexpression strains. Ten genes were found to have statistically
significant effects on increasing n-butanol tolerance when overex-
pressed, and their functions include transporters, membrane
components, and stress response (Table 2). Table S1 in the sup-
plemental material includes the list of all the screened genes and
their different kinetic parameters.
Membrane-associated genes. Modifications in the outer and
cytoplasmic membranes are among the most common mecha-
nisms for solvent tolerance in E. coli. We found several genes that
encode membrane-associated proteins to be upregulated in the
YFP-labeled mutants. The roles of several of these genes (ygfO,
setA,mdtA, and pgsA) in enhancing n-butanol tolerance were con-
firmed via overexpression studies in wild-type E. coli (see the data
in Table 2). The multidrug transporter ABC (mdtABC) operon,
encoding the resistance-nodulation-cell division (RND) drug ef-
flux system, is responsible for resistance against different com-
pounds (16). Genes within the mdt operon have been previously
found to be upregulated in n-butanol stress in E. coli (10). Several
efflux pumps are known to be involved in solvent tolerance in
bacteria, such as srpABC from P. putida in the export of octanol,
hexane, and other hydrocarbons (17) and the acrAB-tolC pump in
E. coli in tolerance to hexane, heptane, octane, and nonane (18),
and several other heterologously expressed pumps in E. coli con-
ferred tolerance to different solvents (19). However, no efflux
pumps have been identified to be effective in exporting short-
chain alcohols, such as n-butanol (19). The other membrane-
related genes include the sugar transporter setA, the xanthine
transporter ygfO, and a biosynthetic gene for the phospholipid
cardiolipin, pgsA.
In order to determine whether the overexpression of the
above-mentioned genes enhance general tolerance in the presence
of growth inhibitors or exclusively in enhancing tolerance to n-
butanol, their effects under different conditions (0.8% [vol/vol]
n-butanol, 4% [vol/vol] ethanol, 1% [vol/vol] isobutanol, and
1.75 g/liter acetate) were assessed. The results are depicted in Fig.
2. Interestingly, the overexpression of ygfO, mdtA, and pgsA sig-
nificantly decreased fitness when the strains were grown in the
presence of isobutanol. In the case of ygfO overexpression, growth
was completely inhibited in the presence of isobutanol, at least
within the 12 h during which the experiment was conducted (Fig.
2A). No cross-tolerance between n-butanol and ethanol was ob-
served when any of the genes were overexpressed. Overexpression
of ygfO significantly decreased fitness in all the conditions tested
except for n-butanol, suggesting the mechanism of n-butanol tol-
erance in this strain caused a broad-range antagonistic pleiotropy
with other inhibitors. Cross-tolerance between acetate and n-bu-
tanol stress has been identified previously in C. acetobutylicum (3,
20) and thus was included as a test condition here. In the case of
acetate, setA was the only gene that conferred enhanced tolerance
when overexpressed.
Even though these membrane-related genes were identified
based on the transcriptome data of the YFP-labeled mutants, the
phenotypic profiles related to the overexpression of individual
genes (Fig. 2) differ from those observed in mutants MY2 and
MY4 (Fig. 1).
Osmotic stress. The transcriptome analyses revealed several
genes known or potentially involved in osmoprotection (gcvH,
treF, setA, and pgsA) to be perturbed in the YFP-labeled mutants
but not in the GFP-labeled mutants. Overexpression of these
genes in a wild-type strain was found to improve n-butanol toler-
ance, as shown in Table 2. Glycine and glycine-betaine (coded by
members of the GcvA and BetI regulons) have been identified to
TABLE 2 Summary of the list of genes that showed increased n-butanol tolerance when overexpressed in the ancestral strain BW25113a
Overexpressed
gene Gene ID
s RIF
FunctionAverage (%) P value Average (%) P value
sodB b1656 24 2 0.01 10 1 0.00 Iron-superoxide dismutase
gcvH b2904 23 2 0.00 9 1 0.00 Glycine cleavage system
hyfD b2484 25 2 0.00 10 1 0.01 Hydrogenase
nuoI b2281 22 1 0.00 11 1 0.00 NADH:ubiquinone oxidoreductase
pepB b2523 40 3 0.00 7 1 0.00 Proteinase
treF b3519 37 3 0.00 7 1 0.00 Trehalose biosynthesis
ygfO b2882 35 2 0.00 19 1 0.00 Proton motive xanthine transporter
seta b0070 24 3 0.04 8 1 0.01 Sugar efflux pump
mdtA b2074 11 1 0.00 5 1 0.00 Drug resistance efflux pump
pgsA b1912 15 1 0.00 15 1 0.00 Involved in cardiolipin biosynthesis
a The s and RIF values were determined in the presence of 0.8% (vol/vol) n-butanol.
Reyes et al.
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contribute to ethanol tolerance in E. coli, possibly through higher
production of osmolytes (3, 21). The biosynthesis of the disaccha-
ride trehalose (produced by the cytoplasmic TreF and the
periplasmic TreA) acts as an osmotic and stress protectant in E.
coli (4, 22). This osmoprotectant action was of importance in the
presence of different osmotic agents, such as inorganic salts and
high concentrations of hexose sugars. SetA is an efflux pump ca-
pable of transporting different sugars, and the expression of setA
was found to be increased under glucose/phosphate stress (5, 23),
potentially alleviating the accumulation of nonmetabolized sugar
phosphates. However, SetA also transports, albeit inefficiently,
other substrates, such as the antibiotics kanamycin and neomycin,
as well as glucosides and galactosides with alkyl or aryl substitu-
ents (6–12, 24). Since there are no sugar analogs in the medium, it
is currently unclear whether the overexpression of setA contrib-
utes to osmoprotection in MY2 and MY4 mutants.
The gene pgsA, related to the biosynthesis of the phospholipid
cardiolipin, was perturbed in MY2, suggesting a potential increase
in cardiolipid biosynthesis in this mutant. Cardiolipin (CL) is a
glycerophospholipid that is important in microbial cell mem-
branes (12, 25). CL plays important roles in bacterial cell division
(5, 11, 26), osmotic stress (13, 27), and essential function in the
bioenergetics of the cell (6, 13, 28). In E. coli, pgsA encodes the
committed step of CL biosynthesis. Overexpression of pgsA has
been shown to modify cellular phospholipid composition, by in-
creasing the concentrations of the acidic phospholipids phos-
phatidylglycerol and CL (7, 29).
Since several potentially osmoprotection-related genes were
overexpressed in the evolved YFP-labeled mutants, and their
overexpression was verified to be involved in n-butanol tolerance,
we hypothesized that the YFP-labeled mutants are also more tol-
erant to osmotic stress. An osmotic shock experiment using high
concentrations of glucose (40% [wt/vol]) as described in Materi-
als and Methods was used. As shown in Fig. 3, statistically signif-
icant improvements in relative survival rates were seen in the three
YFP-labeled mutants (244% for MY2, 499% for MY3, and 655%
for MY4). Cross-tolerance between osmotic tolerance and solvent
stress responses has been observed previously: cross-tolerance be-
tween ethanol and osmotic stress in E. coli (14, 22, 30) and S.
cerevisiae (7, 31, 32) and between n-butanol and osmotic stress in
E. coli (7, 33) and Clostridium (6, 34). Intriguingly, the GFP-la-
beled mutants show antagonistic pleiotropy between n-butanol
and osmotic stress (relative survival rate of 65% for MG5 and
41% for MG6).
Other potential mechanisms. We found that overexpression
of sodB, an iron-superoxide dismutase, significantly increased n-
butanol tolerance in E. coli. Overexpression of sodB has also been
found in response to different aromatic substrates and phenol-
induced stress in P. putida (15, 35, 36), as well as organic solvent
stress response in the denitrifying bacteria Aromatoleum aromati-
cum (16, 37). Oxidative stress response has been previously asso-
ciated with n-butanol stress response in E. coli, particularly the
overexpression of sodA, sodC, and yqhD (6, 10, 17). In fact, the
n-butanol stress response has been connected with different well-
FIG 2 The relative fitness coefficient of overexpression of genes related with different transporters and membrane components. (A) ygfO; (B) setA; (C)mdtA; (D)
pgsA. The asterisks indicate statistically significant values using Student’s t test (P 0.05). Growth was completely inhibited when ygfO was overexpressed in the
presence of 1% (vol/vol) isobutanol.
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studied stress responses, including oxidative stress response, heat
shock, cell envelope stress, and perturbations of different respira-
tory functions (6, 10, 18).
The proteinase PepB, found to increase n-butanol tolerance by
more than 40% when overexpressed, has been discovered to be
significantly downregulated during acid stress in Streptococcus
mutants (19, 38). Other mechanisms of protein folding and deg-
radation have been observed in response to n-butanol stress, such
as activation of the GroESL chaperone system in E. coli (11, 19, 39)
and C. acetobutylicum (12).
Under n-butanol exposure, Rutherford et al. (10) observed up-
regulation of the nuo and cyo operons, indicating either an in-
creased energy requirement or impairment of respiration. Studies
have demonstrated that these genes are necessary for the genera-
tion of proton gradients across the inner membrane for aerobic
energy generation (40). Here, we showed an increase of more than
23% in fitness relative to that of the wild type under n-butanol
stress when nuoI was overexpressed.
Divergence in evolutionary trajectories for enhanced n-
butanol tolerance in E. coli. The observed differences in the
phenotypic profiles between the YFP-labeled and GFP-labeled
mutants demonstrated a potential divergence in n-butanol toler-
ance mechanisms between the two lineages. We next asked the
question whether the two different mechanisms could be com-
bined to generate a more n-butanol-tolerant strain. The iron
transport-related genes feoA and entC were found to be involved
in n-butanol tolerance in the GFP-labeled mutants (7). These two
genes were individually overexpressed in the YFP-labeled mu-
tants, and the levels of n-butanol tolerance of the resulting strains
were assessed. As shown in Fig. 4, in several cases, the relative
fitness coefficient decreased significantly with the expression of
the iron-related genes in the YFP-labeled mutants, suggesting an
antagonistic relationship between the n-butanol tolerance mech-
anisms in the two differentially colored lineages. Overexpression
of feoA, involved in the cellular uptake of iron, showed the higher
antagonistic effect on the YFP-labeled mutants, where the fitness
advantage of MY3 and MY4 in the presence of n-butanol de-
creased significantly (negative fitness coefficients were observed).
In the case of entC, which is involved in the biosynthesis of entero-
bactin, a decrease in the relative fitness of MY3 (fitness was un-
changed in MY2 and MY4) was observed in the presence of n-bu-
tanol when overexpressed.
DISCUSSION
In this study, we demonstrated a case of incompatibility between
the mechanisms of n-butanol tolerance between two different lin-
eages from the same evolved population and identified cross-re-
sistance and antagonistic pleiotropy between different complex
phenotypes in the isolated mutants of E. coli evolved under n-bu-
tanol stress. By using VERT, we were able to systematically track
the evolutionary dynamics to distinguish parallel mechanisms of
n-butanol tolerance in the same population, which would other-
wise be difficult to determine. Our results indicate that adaptation
(increased n-butanol tolerance) of E. coli to increasing concentra-
tions of n-butanol from a single evolving population resulted in
two independent and divergent adaptive mechanisms.
The YFP-labeled mutant, MY4, was the only strain that showed
a general solvent tolerance to n-butanol, isobutanol, and ethanol
(see Table 1). Interestingly, MY4 showed a higher fitness advan-
tage in the presence of ethanol than in the presence of n-butanol,
suggesting the molecular mechanisms for n-butanol tolerance in
this strain is more general toward solvent stress. Whole-genome
sequencing of MY4 led to the identification of a single nucleotide
polymorphism in nusA (nusAE212A), as we reported previously
(7). NusA interacts with several proteins involved in transcrip-
tional termination, including rho, a transcriptional terminator af-
fecting expression at the whole-cell level. Point mutation in rho
has been shown to be a major contributor to ethanol tolerance in
E. coli evolved under ethanol stress (21). Mutations in global reg-
ulators have also been shown to enhance ethanol tolerance and
n-butanol tolerance (41–43). Thus, the observed mutation in
nusA, in part, potentially explains the generalist behavior of this
mutant toward different stressors by globally perturbing tran-
scriptional regulation in the cell. On the other hand, the GFP-
labeled mutants exhibited much higher relative fitness coefficients
in the presence of n-butanol than in the presence of any other
FIG 3 Relative changes in survival rates in osmotic stress. E. colimutants from
the YFP-labeled lineage showed increased tolerance to osmotic stress. All the
values presented here are statistically significantly different compared with
their respective parental strain (P  0.05). Error bars represent the standard
deviations.
FIG 4 Relative fitness coefficients of the YFP-labeled mutants overexpressing
entC and feoA genes in the presence of 0.8% (vol/vol) n-butanol. The fitness
coefficients were calculated using the equation s  (strain_overexpressing_gene/
strain)  1. The asterisks represent statistically significant (P  0.05) values.
Error bars represent the standard deviations.
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stress conditions tested, suggesting that GFP-labeled mutants had
evolved a more “specialist” adaptive mechanisms for n-butanol
tolerance. However, MG5 and MG6 (the GFP-labeled mutants)
both share the same point mutation in rho in addition to an IS5
insertion in feoA (presented in Table 3 from our previous work
[7]). As feoA has been confirmed as a likely genetic determinant
for enhanced n-butanol tolerance in the GFP-labeled mutants, the
results currently suggest that the downstream effects of increased
expression of iron uptake-related genes is dominant over any po-
tential downstream effects of the rho mutation; further investiga-
tion is needed to decipher the respective effects of each mutation
in these strains.
The phenotypic response of the alleles under different stress
conditions tested indicates divergence in the acquired mecha-
nisms to increase n-butanol tolerance between the isolated mu-
tants from the two lineages. Opposite trends in fitness under sev-
eral conditions were observed. The most notable one is the
differential responses to osmotic stress. Under osmotic stress, all
the isolated mutants from the yellow lineage showed improved
tolerance, while mutants from the green lineage showed an oppo-
site response (Fig. 3). In addition, Reyes et al. (7) documented a
cross-tolerance between the cationic antibiotic peptide polymyxin
B and n-butanol in only the GFP-labeled mutants. This differen-
tial cross-resistance in mutants from the two lineages indicates the
possibility of diverse mechanisms of n-butanol tolerance in E. coli.
Furthermore, the mechanisms of n-butanol tolerance between the
two lineages appear to be antagonistic, as the overexpression of
feoA into MY2 or MY4 resulted in a significant decrease in relative
fitness in the presence of n-butanol. A similar phenomenon was
observed previously between different lineages from a yeast pop-
ulation evolved in glucose-limited conditions (44).
Conclusion. The use of microbial systems in the production of
chemicals and fuels from sustainable feedstock requires robust
biocatalysts. As the production environment potentially involves
multiple inhibitory factors, knowledge regarding the cross-toler-
ance/antagonistic pleiotropy between different conditions of an
adaptive allele becomes important. This work further character-
ized isolated evolved mutants from a single n-butanol-challenged
population, identified additional genetic determinants involved
in n-butanol tolerance in E. coli, and discovered several cases of
cross-tolerance/antagonistic pleiotropy between different stres-
sors in the isolated mutants and a case of negative epistasis be-
tween mechanisms of n-butanol tolerance between independent
lineages from the same population. Our results suggest that while
MG5 and MG6 are our best performers under n-butanol stress,
these two mutants may not perform as well as MY2 or MY4 in a
production environment, thus highlighting the importance of
characterizing the effects of identified genetic determinants under
multiple relevant conditions to better guide strain engineering
efforts.
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